The composition of the volatile fractions of three important grasses from sub-alpine N.W. Italian pastures, namely Festuca nigrescens Lam. non Gaudin (chewing fescue), Phleum alpinum L. (alpine timothy) and Poa alpina L. (alpine bluegrass) was investigated. The fresh aerial parts were collected at the flowering stage during the summer season. The volatile oils obtained from green tissues by steam distillation in a Clevenger-type apparatus, were analyzed by GC/FID and GC/MS. The oil yield was 0.04 ± 0.01% weight/fresh weight bases for each of the investigated species. Several classes of compounds were found in the volatile fractions, including aldehydes, alcohols, acids, hydrocarbons, esters, ketones, terpenes, and phenolics. Qualitative and quantitative differences were observed.
The volatile compounds have been analyzed of three of the most widespread grasses growing at high altitude on the western Italian Alps, namely Festuca nigrescens Lam. non Gaudin (chewing fescue), Phleum alpinum L. (alpine timothy) and Poa alpina L. (alpine bluegrass). From an ecological perspective the investigated plant species are the dominant monocotyledons growing on intermediate soils of the Western Alps [1] from early to mid season, and were selected both for their high relative abundance in the examined area and their high palatability index to cattle [2] . The area of collection, stretching between the upper sub-alpine and the alpine plain (2250-2350 m a.s.l.), is indeed subject to managed cattle grazing in the summer season for the production of milk and typical mountain cheese. In this regard, it is well known that the chemical and flavor patterns of milk and cheese can be influenced by the vegetation biodiversity of pastureland [3a-3g] , especially rich in alpine marginal ecosystems.
Although there are several reports on the volatile composition of some species of Festuca [4a-4d], to our knowledge there are none about the chemistry of F. nigrescens. Little is known about the secondary metabolites of the other two genera, Poa [5a-5b] and Phleum [6a-6b], which have been extensively studied for their allergenic properties instead [7] . As for F. nigrescens, to our knowledge the volatile compounds of P. alpina and P. alpinum have never been investigated before.
Festuca nigrescens is a circumboreal perennial species growing on mountain-subalpine slopes in intermediate ecological conditions, with an altitudinal range spanning between 1200 and 2400 m a.s.l., as regards the European Alps. It grows on mature soils, rich in organic matter and acidified on the upper layer. It is often associated with Agrostis tenuis, and, at higher altitude, to Poa alpina.
Phleum alpinum is a perennial plant widely distributed all over the world. In the northern hemisphere it is circumboreal, with an ample altitudinal range. The growing conditions, including soil, temperature and sunlight requirements are very close to those of F. nigrescens. The two species are often associated, with P. alpinum being more abundant whenever nitrogen is more available in the soil [8] .
Poa alpina is a circumboreal perennial species, growing on subalpine and alpine environments from 1500 to 2700 metres a.s.l., and occasionally reaching up to 3600m in the European Alps, in intermediate ecological conditions. In this region, P. alpina features a specific pastureland ecotype, on mature soils subject to prolonged snowcovering in the cold season, while extensively exploited in the summer by cattle [1] . Possibly due to its low requirements in terms of temperature and sunlight [2] , it is more precocious and can thrive at higher elevations than F. nigrescens and P. alpinum.
The fresh aerial parts of the three species underwent steam distillation in a Clevenger-type apparatus for the isolation of the volatile fractions, each of which consisted of a pale yellow oil. The oil yield was 0.04 ± 0.01% weight/fresh weight bases for each of the investigated species. The GC/FID and GC/MS analyses of samples allowed the identification and quantification of several compounds, as reported in Table 1 , grouped according to their chemical class and listed in order of elution on an Elite-5 column.
Aldehydes resulted to be the most abundant class of compounds in P. alpinum and P. alpina, with a total of 91.7 ± 21.9 μg/g fresh weight and 115.7 ± 26.3 μg/g fresh weight, respectively, corresponding to 30.7 ± 8.3% and 24.2 ± 6.7% of the volatile fractions, respectively. Aldehydes were quite abundant in F. nigrescens too, totaling 54.1 ± 17.6 μg/g fresh weight, second only to acids, with an average of 16.4 ± 6.6% of the volatiles. P. alpinum was rich in aromatic aldehydes (i.e. phenylacetaldehyde and benzaldehyde, which made up about 50% of the total aldehydes) whereas in the other two species, aliphatic aldehydes exceed 85.0% of the total of this class. Among the aliphatic aldehydes the best represented was nonanal in all species, with a percentage close to 6.0% of the total volatiles in each of them. According to some authors, this compound originates from the breakdown of unsaturated C 18 fatty acids like the C 6 green leaf volatiles (i.e. hexanal, (E)-2-hexenal, (Z)-3-hexenol, (E)-2-hexenol, hexanol and (Z)-3-hexenylacetate), and may play some role in protecting wounded plants from fungal infections [9a,9b] .
Alcohols were quantified as 44.7 ± 14.4 μg/g (14.2 ± 5.3%), 40.8 ± 16.9 μg/g (8.8 ± 3.9%) and 25.9 ± 7.3 μg/g (11.1 ± 3.4%), of the total volatile fraction for F. nigrescens, P. alpina and P. alpinum, respectively. Aliphatic alcohols were predominant in all species, accounting for about 95% of total alcohols in F. nigrescens, 76% in P. alpina and 73% in P. alpinum. In both F. nigrescens and P. alpinum the most represented alcohol was the unsaturated (Z)-3-hexenol (known as 'leafalcohol' derived from the breakdown of linolenic acid), with 14.4 ± 3.4 μg/g and 5.4 ± 0.9 μg/g fresh weight, respectively. On the other hand, hexanol (7.7 ± 4.8 μg/g) and 2-phenylethanol (7.8 ± 2.5 μg/g) topped the list of alcohols in P. alpina.
Long-chain aliphatic acids are expressed quite variably in plants, sometimes according to seasonal factors [10] . In F. nigrescens oil they represented the major class of compounds, quantified as 76.8 ± 16.0 μg/g fresh weight (22.5 ± 5.1 %) of the total volatiles. Organic acids were still well represented in P. alpina, with 76.5 ± 25.8 μg/g fresh weight (18.2 ± 7.7%). However, they were quite low in P. alpinum forming 19.9 ± 4.6 μg/g fresh weight (7.0 ± 1.5 %). Among them, palmitic acid (n-C 16 ) was the most abundant acid in all species, accounting for about 50% of the total acids in all species. On the other hand, unsaturated linoleic and linolenic acids made up nearly 10% of the total acids in F. nigrescens and P. alpina, while in P. alpinum they accounted for a more consistent 33% of the total acidic fraction.
Hydrocarbons were well represented in P. alpina forming 19.3 ± 5.4 % of the total volatiles, while they accounted for about 10% in the other two species (see Table 1 ). This class of compounds is almost entirely represented by oddnumbered long chain aliphatic substances. Among them tricosane and pentacosane are the most abundant components, accounting for about 50% of the total hydrocarbons in F. nigrescens, about 60% in P. alpinum, and about 70% in P. alpina.
Esters were relatively abundant in F. nigrescens with 31.6 ± 9.3 μg/g fresh weight accounting for 9.0 ± 3.8% of the total oil. Equivalent values were 16.8 ± 7.9 μg/g fresh weight (3.4 ± 1.8%) for P. alpina, and 8.6 ± 3.4 μg/g fresh weight (3.0 ± 1.3%) for P. alpinum. (Z)-3-hexenyl acetate was the most abundant ester in F. nigrescens and P. alpinum, while P. alpina yielded mostly methyl linoleate and methyl palmitate ( Table 1 ).
The content of ketones was quite low in all species; hexahydrofarnesylacetone was predominant in F. nigrescens and P. alpinum, while tridecan-2-one was the most abundant in P. alpina. The former, known also as phytone, was reported to be a degradation product of chlorophyll [11] .
Among terpenes, monoterpenes were rather scarce in all three species; linalool was detected in both F. nigrescens (0.6 ± 0.5 μg/g fresh weight, 0.2 ± 0.2%) and P. alpina (1.0 ± 0.2 μg/g fresh weight, 0.2 ± 0.0%), while α-terpineol and carvacrol were present in P. alpinum (1.9 ± 0.7 μg/g fresh weight, 1.2 ± 0.7%). As for higher terpenes, phytols were detected in all species as the most abundant compounds of this class, ranging from about 2.2% to 7.5% of the total oils. Phenolics made up a remarkable 10% of volatile compounds in P. alpinum, yielding more than 22.6 ± 4.1 μg/g fresh weight of eugenol, and 1.7 ± 0.6 μg/g fresh weight of chavicol. On the other hand, F. nigrescens and P. alpina lacked both mentioned compounds, and yielded p-vinylguaiacol as the sole phenolic, accounting for 1.6 ± 1.2 μg/g fresh weight and 1.7 ± 0.4 μg/g fresh weight, respectively, of the total volatile fractions.
Unlike the other two species, P. alpinum yielded coumarin (11.9 ± 0.4 μg/g fresh weight, 2.8 ± 0.1%), within the miscellaneous compounds. On the other hand, 2,3 dihydrobenzofuran and β-ionone were the most abundant miscellaneous compounds in both F. nigrescens and P. alpina. GC/FID analysis by the internal standard method using 3-methylcyclohexanone as internal reference and assuming an equal response factor for all detected compounds. For each species, results were expressed as mean of 3 independent determinations ± standard deviation.
